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Abstract
Evidence of polarized γ-ray emission (> 50 keV) from Gamma-Ray Bursts
(GRBs) has been accumulated in recent years. Measurements have been re-
ported with levels in the range of 30-80%, typically with limited statistical
significance. No clear picture has yet emerged with regards to the polarization
properties of GRBs. Taken at face value, the data suggest that most GRBs
have a relatively large level of polarization (typically, > 50%), which may sug-
gest synchrotron emission associated with an ordered magnetic field structure
within the GRB jet. But these results are far from conclusive. Here, we review
the observations that have been made, concentrating especially on the instru-
mental issues and the lessons that might be learned from these data.
Keywords: gamma-rays, instrumentation, polarimetry, polarization,
gamma-ray bursts
PACS: 95.55.Ka, 95.75.Hi, 95.85.Pw, 98.70.Rz
1. Introduction
The process by which some stellar-mass black holes are thought to form (ei-
ther from the final stages of a highly evolved, massive star or the merger of two
compact objects) results in a release of energy that exceeds anything observed
in the Universe since the Big Bang itself. This energy release results in the
formation of two oppositely directed jets, which can observationally manifest
itself as a Gamma Ray Burst (GRB) and its afterglow emission. The initial
burst of γ-rays, the so-called prompt emission, lasts from a fraction of a sec-
ond up to a few hundred seconds and is thought to originate in the innermost
region of the jets. The longer-lasting afterglow emission, lasting from days to
weeks, is believed to originate in the outer part of the jet. This emission has
been well studied across the entire electromagnetic spectrum, providing a bet-
ter understanding of the late stages of the jet evolution, as it interacts with the
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surrounding medium. However, a complete picture of the GRB phenomena also
requires an understanding of the inner part of the jet, closest to where the black
hole is formed. At this time, we have only a limited understanding of the inner
jet, as it depends on the short-lived, high-energy prompt emission, which is far
more difficult to study given the random nature of these sources. Theoretical
modeling argues that a more complete understanding of the inner structure of
GRBs, including the geometry and physical processes close to the central engine,
requires the exploitation of X-ray and γ-ray polarimetry. Efforts to measure the
high energy polarization have so far met with limited success. As several efforts
are currently underway to collect more definitive measurements, it is worthwhile
to review the available results in the context of past experimental efforts.
2. GRB Theory
GRBs are distributed isotropically across the sky with a 4pi occurrence rate
of roughly two every day, based on observations by both CGRO/BATSE and
Fermi/GBM (Paciesas et al., 1999, 2012). Burst durations range from < 10
ms up to several hundred seconds (Paciesas et al., 1999). Long-duration bursts
(> 2 s) are believed to be associated with the death of massive stars, whereas
short-duration bursts (< 2 s) are believed to be associated with the merger of
compact star binaries (neutron star-neutron star, neutron star-black hole, etc.).
Regardless of the progenitor, a generic “fireball” shock model (e.g., Piran, 2005;
Me´sza´ros, 2006) suggests that a relativistic jet is launched from the center of the
explosion. The “internal” dissipation within the fireball (e.g., via internal shocks
or internal magnetic dissipation processes) leads to emission in the X-ray and γ-
ray band, which corresponds to the observed prompt emission. Observationally,
the canonical prompt emission spectrum can often be empirically fit by the so-
called Band function (Band et al., 1993), consisting of a broken power-law with
a smooth break at a characteristic energy, commonly referred to as E-peak (Ep).
The Ep value corresponds to the peak of the spectrum when plotted in terms of
energy output per decade of energy (E2NE). The observed distribution of Ep
values range from ∼ 10 keV up to at least 1 MeV, with a broad peak near 200
keV. As there is no physical basis for this spectral model, the precise nature of
the emission is not well determined. Although synchrotron emission is believed
to play a significant role (e.g., Rees and Me´sza´ros, 1994), many aspects of the
emission can also be explained by inverse Compton emission (e.g., Eichler and
Levinson, 2003; Shaviv and Dar, 1995). Additionally, thermal emission from an
expanding photosphere appears to be an important component in some GRBs
(e.g., Lundman et al., 2014). Eventually, the outflowing jet is decelerated by
the circumburst medium, which leads to a long-lasting forward shock. Emission
from the external shock is believed to be responsible for the afterglow following
the burst. Much has been learned about these afterglows, but little progress
has been made in understanding the physical origin of the prompt emission.
Although polarimetry of the prompt γ-ray emission is expected to provide
useful insights, current measurements furnish only very limited constraints for
theoretical modeling of the prompt emission. Consequently, there are a large
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number of models that seek to explain the available polarization measurements.
These models can often be characterized as falling into one of two general classes
of models: intrinsic and extrinsic (Waxman, 2003; Lazzati, 2006).
Intrinsic models invoke a globally ordered magnetic field in the emission re-
gion, with electron synchrotron emission yielding a net linear polarization (e.g.,
Waxman, 2003; Lyutikov et al., 2003; Granot, 2003). In this case, the polariza-
tion properties are derived from the intrinsic characteristics (i.e., the magnetic
field geometry) of the jet. The model applies for most observer viewing-angle
geometries, with typical levels of polarization (Π) ranging from ∼ 20% up to
∼60%. These models are characterized by a highly magnetized jet composi-
tion, reconnection as the most possible dissipation mechanism, and synchrotron
radiation as the emission mechanism.
Geometric Models models require an optimistic viewing direction (or geom-
etry) to observe a high degree of polarization. The magnetic field structure is
random in the emission region, so that no net polarization is detected if the
viewing angle is along the jet beam (regardless of radiation mechanism). How-
ever, if the viewing direction is near the edge of the jet, in particular about
1/Γ outside the jet cone (where Γ is the bulk Lorentz factor of the outflow), a
high polarization degree results due to loss of emission symmetry (e.g., Shaviv
and Dar, 1995; Lazzati et al., 2004). This model is characterized by a matter-
dominated outflow and shocks as the most likely dissipation mechanism. Both
synchrotron and inverse Compton can be the radiation mechanisms. The typ-
ical polarization is Π < 20% for most viewing angles, although synchrotron
emission can produce Π as high as ∼70%, and inverse Compton models (also
known as Compton drag models; Lazzati et al., 2004) can achieve Π ∼100%
under optimistic geometries.
A statistical study of GRB polarization properties could differentiate be-
tween the two classes of models (intrinsic vs. geometric) and, in some cases,
distinguish between models within a class, providing a direct diagnostic of the
magnetic field structure, radiation mechanism, and geometric configuration of
GRB jets. The distribution of polarization values (assuming random viewing
angles) has been studied for three generalized models that characterize the jet
physics (Toma et al., 2009). The three principle models include: a) an intrin-
sic model for synchrotron emission with ordered B-fields (SO); b) a geometric
model for synchrotron emission in random B-fields (SR); and c) a geometric
model for Compton-drag (CD).
Each model predicts a different value for the maximum possible polarization
(Πmax), so the largest observed values of Π already constrains the models. For
example, the fraction of bursts exhibiting a high Π is significantly smaller in the
geometric models than in the intrinsic models. A more powerful diagnostic is
the distribution of Π as a function of spectral peak energy (Ep), as can be seen
in Fig. 1. Some models show very distinctive structure in this parameter space,
such as the correlation between Ep and Π for the SO model.
The nature of the GRB radiation mechanism(s) can also be derived from the
energy-dependence of the polarization. Although it is generally believed that
synchrotron emission contributes significantly to the spectrum, other mecha-
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Figure 1: Distribution of predicted polarization values (as measured in the 50–500 keV energy
range) as a function of Ep for three models for the jet physics. [Figure adapted from Toma
et al. (2009).]
nisms, such as thermal blackbody emission from the expanding photosphere
(Lundman et al., 2014; Ryde, 2005) or inverse Compton emission (e.g., Eichler
and Levinson, 2003; Shaviv and Dar, 1995), may also play an important role.
The relative importance of two mechanisms may be discernible with energy-
dependent polarization measurements, since the various components have dis-
tinct polarization signatures.
The temporal evolution of polarization properties also carries essential in-
formation with which to diagnose the GRB mechanism. For example, in the
Internal-Collision induced MAgnetic Reconnection and Turbulence (ICMART)
model of GRBs (Zhang and Yan, 2011), each broad pulse in the GRB light curve
is related to one event that destroys the ordered magnetic fields to produce ra-
diation. One therefore expects a decrease of the polarization with time across
the broad pulse. For bursts with multiple broad pulses, one expects a possible
variation of Π with time that is broadly correlated with the light curve. For the
geometric models, the polarization degree is determined by the viewing angle
direction, and is not expected to vary significantly, but may undergo a 180◦ flip
in the photosphere model (Lundman et al., 2014), or show a periodic pattern if
the jet precesses.
3. Compton Polarimetry
In the energy range that corresponds to the peak output of GRBs (10 keV
up to several MeV), Compton scattering is the dominant mechanism for photon
detection. Compton scattering is also an effective means for polarization mea-
surements, which takes advantage of the fact that photons will tend to scatter
at right angles to the incident electric field (polarization) vector. The experi-
mental challenge is to accurately measure the azimuthal distribution of scatter
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angles about the incident photon direction. Any net polarization results in a
nonuniform distribution of azimuthal scattering angles. The cross-section for
Compton scattering is given by the Klein-Nishina formula,
dσ =
r20
2
dΩ
(
ν′
νo
)2(
νo
ν′
+
ν′
νo
− 2 sin2 θ cos2 η
)
(1)
where,
ν′
νo
=
1
1 +
(
hνo
mc2
)
(1− cos θ) (2)
Here νo is the frequency of the incident photon, ν
′ is the frequency of the scat-
tered photon, θ is the Compton scatter angle of the scattered photon measured
from the direction of the incident photon, and η is the azimuthal scatter angle,
measured from the plane containing the electric vector of the incident photon.
For a given value of θ, the scattering cross section for polarized radiation reaches
a minimum at η = 0◦ and a maximum at η = 90◦. In other words, photons
tend to be scattered at a right angle with respect to the incident electric field
vector. In the case of an unpolarized beam of incident photons, there will be
no net positive electric field vector and therefore no preferred azimuthal scat-
tering angle (η); the distribution of scattered photons with respect to η will be
uniform. However, in the polarized case, the incident photons will exhibit a net
positive electric field vector and the distribution in η will be asymmetric. The
asymmetry will be most pronounced for Compton scatter angles near θ = 90◦.
(Strictly speaking, the Klein-Nishina cross section applies to free electrons. In
an actual detector, scattering on bound electrons introduces small corrections
to the scattering angles. Since these affects are minor and do not impact the
discussion on polarization, we ignore them here.)
A Compton scatter polarimeter typically consists of two distinct detectors to
determine the energies of both the scattered photon and the scattered electron
(e.g., Lei et al., 1997). One detector, the scattering detector, provides the
medium for the Compton interaction to take place. The primary purpose of the
second detector, the calorimeter, is to absorb the full energy of the scattered
photon. The relative location of the two detectors provides a measure of the
scatter angle.
The ultimate goal of a Compton scatter polarimeter is to measure the az-
imuthal modulation pattern of the scattered photons. From Eqn. 1, we see that
the azimuthal modulation follows a cos2 η distribution. More specifically, we
can write the integrated azimuthal distribution of the scattered photons as,
C(η) = A+B cos2(η − φ) (3)
where φ is the polarization angle of the incident photons; A and B are constants
used to fit the modulation pattern (Fig. 2). In practice, a measured distribu-
tion must also be corrected for geometrical effects based on the corresponding
distribution for an unpolarized beam (Lei et al., 1997). The quality of the po-
larization signal is quantified by the polarization modulation factor. For a given
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Cmax   Cmin
Cmax + Cmin
Figure 2: Idealized modulation patterns measured by a Compton polarimeter for both a
polarized and an unpolarized incident beam.
energy and incidence angle for an incoming photon beam, this can be expressed
as (e.g., Lei et al., 1997),
µp =
Cp,max − Cp,min
Cp,max + Cp,min
=
Bp
Bp + 2Ap
(4)
where Cp,max and Cp,min refer to the maximum and minimum number of counts
registered in the polarimeter, respectively, with respect to η; Ap and Bp refer
to the corresponding parameters in Eqn. 3. In this case the p subscript denotes
that this refers to the measurement of a source with unknown polarization. In
order to determine the polarization of the measured flux, we need first to know
how the polarimeter would respond to a similar flux with 100% polarization.
This can be done using Monte Carlo simulations. We then define a correspond-
ing modulation factor for an incident flux that is 100% polarized,
µ100 =
C100,max − C100,min
C100,max + C100,min
=
B100
B100 + 2A100
(5)
This result, in conjunction with the observed modulation factor (µp), is used
to determine the level of polarization in a measured beam (Novick, 1975),
P =
µp
µ100
(6)
where P is the measured polarization. At the 99% confidence level, the minimum
detectable polarization (MDP) can be expressed as (e.g., Krawczynski, 2011;
Weisskopf et al., 2010),
MDP (%) =
4.29
µ100Rsrc
√
Rsrc +Rbgd
T
(7)
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where Rsrc is the total source counting rate, Rbgd is the total background count-
ing rate and T is the total observation time. This defines the polarization sen-
sitivity for a given measurement, based on the characteristics of the instrument
(as defined by µ100), the instrumental background (Rbgd), the source counting
rate (Rsrc), and the observation time interval (T ).
As an aside, this formalism can be related to the more traditional Stokes
parameters,
I = A+
B
2
(8)
Q =
A
2
cos(2φ) (9)
U =
A
2
sin(2φ) (10)
where A and B correspond to the definition in Eqn. 3. Note that Compton
polarimetry is sensitive to only linear polarization, so that the Stokes parameter
V is zero.
4. Instrumentation for γ-Ray Polarimetry
In this section, we describe the experiments that have so far made important
contributions to the study of GRB polarization. The intent here is to provide the
necessary background for a better understanding of the available measurements,
which will be reviewed in section 5.
4.1. Compton Gamma Ray Observatory (CGRO)
CGRO was a mission designed to study the sky over a broad range of γ-
ray energies using a suite of four separate instruments. CGRO was launched
by the Space Shuttle Atlantis on April 5, 1991 and was de-orbited (due to
concerns related to the loss of spacecraft gyroscopes) on June 4, 2000. Two of
the four instruments on CGRO were, in principle, capable of making polarization
measurements.
The Compton Imaging Telescope (COMPTEL) was designed to image γ-rays
in the 1–30 MeV energy range (Scho¨nfelder et al., 1993). It consisted of two
detector layers. The upper (D1) detector layer consisted of seven large volume
liquid scintillator (NE 213A) tanks (28.5 cm in diameter by 8.5 cm thick), each
read out by an array of eight PMTs. The lower (D2) detector layer consisted
of fourteen large volume NaI(Tl) scintillator crystals (28.2 cm in diameter and
7.5 cm thick) read out by an array of seven PMTs. In each case, signals from
the PMT array were used to localize the event interactions to within 1-2 cm.
The two detector layers (each surrounded by plastic anticoincidence shielding)
were separated by distance of 1.5 m. Both pulse shape measurements in D1
and time-of-flight measurements between D1 and D2 were used to help identify
source photons.
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Figure 3: The Compton Gamma Ray Observatory (CGRO) carried a suite of four instruments
designed to cover a wide range of γ-ray energies. Two of these instruments (COMPTEL and
BATSE) could be used for polarization measurements.
Although it employed Compton scattering as a detection mechanism, and
was therefore inherently sensitive to polarization, the separation of the D1 and
D2 layers was chosen to facilitate the use of time-of-flight for background reduc-
tion. The detector geometry was not optimized for polarization measurements
and the resulting polarization sensitivity was quite poor. Nonetheless, an ini-
tial effort was made to measure GRB polarization , but without success (Lei
et al., 1996). A more thorough polarization study of all COMPTEL GRB data
is currently in progress (McConnell and Collmar, 2016).
The Burst and Transient Source Experiment (BATSE) was specifically de-
signed as an all-sky monitor for GRBs (Paciesas et al., 1989). It consisted of
eight detector assemblies, one on each corner of the CGRO spacecraft. Each
detector assembly included two uncollimated detectors – a Large Area Detector
(LAD) and a small area Spectroscopy Detector (SD). Each LAD contained a
single NaI(Tl) scintillator that was 50.8 cm in diameter by 1.27 cm thick and
read out by three 12.7 cm PMTs. The large diameter-to-thickness ratio was
intended to provide an angular response that, when coupled with the response
of adjacent LADs, would enable a localization of the burst direction. Each SD
detector contained a much smaller (but thicker) NaI(Tl) scintillator that was
12.7 cm in diameter and 7.62 cm thick. These detectors were intended to provide
spectroscopy extending to much higher energies than the LADs.
The BATSE detectors were not directly sensitive to the polarization of the
incident flux. Instead, a rather unique approach to polarimetry was considered.
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Figure 4: The COMPTEL instrument used Compton imaging for 1-30 MeV γ-rays, but had
limited polarization sensitivity.
9
Figure 5: A BATSE detector assembly was mounted at each corner of the the CGRO space-
craft, providing a full coverage of the un-occulted sky at all times.
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Figure 6: GRB polarimetry measurements have been made using events that involve photon
scattering between Ge detector elements within the detector array (seen here). [Figures from
McConnell et al. (2002).]
Instead of using the BATSE detectors looking directly at the GRB, the down-
ward looking BATSE detectors were used to measure the albedo flux of photons
scattered off the Earth’s atmosphere (McConnell et al., 1996). Since the intrin-
sic polarization of the GRB flux will influence the photon scattering direction,
the observed distribution of albedo flux is sensitive to the polarization param-
eters of the incident flux. Therefore, a measurement of the albedo distribution
can provide a measure of the source polarization. The observational challenge
is exacerbated by the fact that the time delay between the direct GRB flux and
the scattered albedo flux is insufficient to distinguish experimentally. Ideally,
the distribution of albedo flux across the disk of the Earth would be measured
with an imaging instrument. The uncollimated BATSE detectors could provide
only a very crude measure of this distribution, but one that was used to place
constraints on GRB polarization parameters.
4.2. RHESSI
The Ramaty High-Energy Solar Spectroscopic Imager (RHESSI) was de-
signed to image solar photons covering the energy range of 3 keV to 17 MeV
(Lin et al., 2002). Launched in 2002, it remains operational. Arcsec imaging
of the solar disk is achieved with an imaging system made up of nine Rotating
Modulation Collimators (RMCs), each consisting of a pair of widely separated
grids mounted on the rotating spacecraft. The spectrometer (Figure 6) consists
of nine segmented Germanium detectors, one behind each RMC (Smith et al.,
2002). Each Ge detector is 7.1 cm in diameter and 8.5 cm long). The detectors
are cooled to ∼ 75◦ K by a space-qualified long-life mechanical cryocooler. Each
detector is made from a single germanium crystal, which is electrically divided
into independent front and rear segments to provide an optimum response for
low and high energy photons, respectively. This provides the equivalent of a
∼ 1 cm thick planar Ge detector (the front segment) in front of a thick ∼ 7 cm
coaxial Ge detector (the rear segment).
The front segment thickness is chosen to stop photons incident from the front
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(solar-facing side) of the instrument up to ∼ 100 keV, where photoelectric ab-
sorption dominates, while minimizing the active volume for background. Front-
incident photons that Compton-scatter, and background photons or particles
entering from the rear, are rejected by anticoincidence with the rear segment.
A passive, graded-Z ring around the front segment (a laminate of Ta/Sn/Fe)
absorbs hard X-rays incident from the side, to provide the low background of a
phoswich-type scintillation detector.
RHESSI is a spinning spacecraft, with a spin rate of ∼ 15 rpm. The energy
and arrival time of every photon, together with spacecraft orientation data,
are used to generate X-ray/γ-ray images with an angular resolution of ∼ 2
arcseconds and a FoV of ∼ 1◦. For sources within the imaging FoV (such as
solar flares), a small Be scattering block (seen in Fig. 6) scatters photons into
the rear segments of nearby Ge detectors. The distribution of these scattered
photons could be used to measure polarization (McConnell et al., 2002), but this
has proven to be problematic. For sources outside the imaging FoV (such as
GRBs), the array of (largely) un-shielded Ge detectors is used for polarimetry by
measuring photons that scatter between Ge detectors (e.g., Coburn and Boggs,
2003).
4.3. INTEGRAL
The International Gamma-Ray Astrophysics Laboratory (INTEGRAL) was
launched in 2002 and remains operational. It carries a suite of four instruments,
two of which provide spectroscopy and imaging of γ-rays. The Imager on Board
the INTEGRAL Satellite (IBIS) is a coded mask imaging instrument using two
different detection planes that collectively cover the energy range from 15 keV
to 10 MeV with high angular resolution and moderate spectral resolution (Uber-
tini et al., 2003). The Spectrometer on INTEGRAL (SPI) is also a coded mask
imaging instrument, designed to operate from 20 keV to 8 MeV, but it is de-
signed with high spectral resolution and moderate angular resolution (Vedrenne
et al., 2003). Although not optimized for polarization measurements, both IBIS
and SPI have had polarimetry as one of their secondary science objectives. Nei-
ther was calibrated with polarized photons before launch. Both IBIS and SPI
have reported measurements of polarization from the Crab and from Cyg X-1
Laurent et al. (2012). During the first 10 years of the INTEGRAL mission, 89
GRBs were detected within the IBIS field-of-view.
4.3.1. IBIS
The IBIS instrument consists of two separate detection planes that share the
same coded mask. The top detection plane is referred to as the INTEGRAL
Soft Gamma-Ray Imager (ISGRI) (Lebrun et al., 2003). ISGRI is optimized for
the energy range from 15 keV to 1 MeV using a detection plane that consists of a
large (128 × 128) array of CdTe detectors, each of which is 2 mm thick and 4 ×
4 mm2 in area. The 16384 CdTe detectors provide an active area of ∼2600 cm2.
The lower detection plane is referred to as the Pixellated Imaging CsI Telescope
(PICsIT) (Labanti et al., 2003). PICsIT is optimized for the energy range of
12
Figure 7: Schematic (left) of the IBIS detector assembly, showing the ISGRI and PICsIT
detection planes and some of the the passive shielding used to minimize background reaching
the detectors. The photo (right) shows the flight unit as it was being prepared for flight.
175 keV to 10 MeV using an array of CsI(Tl) scintillation crystals. Each crystal
is 8.4 × 8.4 mm in area and 3 cm deep, and is read out by a PIN photodiode.
The 4096 CsI detectors provide an active area of ∼2890 cm2. Both ISGRI and
PICsIT are designed to operate independently in conjunction with the shared
coded mask (which 16 mm thick and composed of a W-Cu alloy). However,
events that trigger both detection planes within some preset time window (3.8
µs) can be treated as Compton events that scatter from one layer to the next.
In this way, IBIS can combine the advantages of both a Compton telescope and
a coded mask imager (Forot et al., 2007). This Compton mode is most effective
from a few hundred keV up to a few MeV.
Although Compton scattering events within a detector layer could be used for
polarimetry, the on-board electronics rejects multiple triggers within the ISGRI
detection plane and the instrument mode required to collect proper PICsIT data
is never employed. Polarimetry with IBIS can only be achieved through the use
of the Compton events (Forot et al., 2007) that scatter between ISGRI and
PICsIT. Most of the events tagged as Compton events are due to background
events that are removed by the coded aperture deconvolution, thus making use
of the shadowing effects of the mask. Compton kinematics is also used to help
insure that the selected events are consistent with the source direction.
4.3.2. SPI
SPI is a coded aperture imaging instrument that uses an array of 19 large
volume Ge detectors as the detection plane, with a 3 cm thick W mask. Each Ge
detector is hexagonal in shape measuring 5.6 cm flat-to-flat and 7 cm deep. The
detectors are arranged into a close-packed tessellated array, as seen in Fig. 8.
There is no information on the photon interaction site within a detector. Spatial
information is provided only be the location of the triggered Ge detector. Po-
larimetry with SPI relies on photons scattering between Ge detectors (Chauvin
et al., 2013; Kalemci et al., 2004). Coincidence events between detectors are
defined by a hardware time window of 350 ns. Since INTEGRAL’s launch, four
13
Figure 8: Schematic (left) of SPI instrument, showing the location of the Ge detector array
with respect to the coded mask and surrounding BGO anticoincidence shielding. The photo
(right) shows the Ge detector during assembly.
detectors have failed: detector 2 (2003), detector 17 (2004), detector 5 (2009),
and detector 1 (2010).
The analysis of SPI data is hindered by the fact that there are a limited
number of scatter angles that are measurable, given the limited number of pixels
in the detector array and the fact that the INTEGRAL spacecraft does not spin.
If the photon interaction sequence of the photon can be determined, then six
independent scatter angles can be defined. For photons with incident energy
below ∼ 500 keV, the first interaction site typically corresponds to the detector
with the lowest energy deposit. At higher energies, the ambiguity about the
interaction sequence can generally not be resolved and only three independent
scatter angles can be defined.
4.4. IKAROS / GAP
The GAmma-ray Polarimeter (GAP) represents the first flight instrument
designed specifically for GRB polarization measurements (Yonetoku et al., 2011a;
Murakami et al., 2010). As shown in Figure 9, it consists of a single, large plas-
tic scintillator surrounded by an array of 12 CsI(Tl) scintillators. The plastic
is shaped as a dodecagon polygon measuring 14 cm face-to-face. With a full
height of 6 cm, the lower side of the plastic scintillator is tapered to match the
face of a 2-inch (5.08 cm) PMT. The 12 CsI(Tl) scintillators, each measuring 6
cm high and 5 mm thick and read out by a single PMT, is intended to absorb
photons scattered from the central plastic scintillator. The location of the hit
CsI(Tl) detector gives a measure of the photon scatter direction. The instru-
ment is sensitive to polarization in the 70–300 keV energy range. Inflight gain
corrections are made possible by the use of onboard 241Am calibration sources.
The GAP experiment was flown as part of a Japanese solar power sail demon-
stration mission known as IKAROS (Interplanetary Kite-craft Accelerated by
14
Figure 9: Schematic view of the GAP detector (left) showing the various instrument com-
ponents, and a photo (right) of the assembled instrument with the lead shielding removed.
[Figure from Yonetoku et al. (2011a).]
the Radiation Of the Sun; Tsuda et al. (2013)). The IKAROS spacecraft mea-
sures 1.58 m in diameter and 0.95 m in height, with a mass of 307 kg. A 20
m diameter solar sail surrounds the spacecraft and provides propulsion through
interplanetary space. The spacecraft rotates at a rate of ∼1–2 rotations per
minute, utilizing centrifugal force to help keep the sail properly deployed. The
IKAROS spacecraft was launched as a piggyback payload with the Venus Cli-
mate Orbiter on May 21, 2010. The solar sail was successfully deployed on
June 9, 2010 (Figure 10). The primary mission lasted until December of 2010.
Since that time, IKAROS has experienced several hibernation periods due to
lack of solar power. As of May 2014, IKAROS was in a ten-month orbit around
the Sun, spending roughly seven months of each orbit in hibernation mode. It
is still considered to be operational, so data from the GAP continues on an
intermittent basis.
4.5. Astrosat
The Indian Astrosat mission was launched on September 28, 2015 (Singh
et al., 2014). One of the instruments on that mission is the CZT Imager (CZTI),
a coded mask telescope that uses a pixelated array of CdZnTe (CZT) detectors.
The CZT detection plane consists of 2.5 mm × 2.5 mm pixels, each of which has
a thickness of 5 mm. CZTI images photons from 10-100 keV over a 6◦×6◦ FoV.
The CZT detectors maintain sensitivity up to about 250 keV, but the coded
mask becomes transparent at energies above ∼ 100 keV.
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Figure 10: A view of the IKAROS spacecraft shortly after deployment of the solar sail (taken
by a spin-loaded camera released by the spacecraft). The inset shows the location of the GAP
instrument.
Figure 11: The instrument suite of the ASTROSAT satellite (left), and a photo of the CZTI
instrument (right). [Figures from Singh et al. (2014).]
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The pixellated nature of CZTI lends itself to polarization studies (Vadawale
et al., 2015; Chattopadhyay et al., 2014). Each event is recorded with a time
resolution of 20 µsec. Compton scattered events can be identified by looking for
coincidence events between nearby pixels, based on the time signatures of indi-
vidual events (two events must be within 40 µsec of each other). True Compton
events also require that the the sum and ratio of deposited energies must be
consistent with Compton scattering. As Compton scattering in CZT becomes
dominant at energies above ∼100 keV, polarimetry is effective at energies where
the coded mask is transparent. Imaging polarimetry is therefore not likely. But
polarization of transient sources (like GRBs) does not require imaging.
5. GRB Polarization Measurements
In this section, we summarize the observations to date in order of initial
publication date. This order was chosen to help illustrate how the field has
evolved.
Table 1: GRB Polarization Measurements
Pub Energy
Date GRB Instrument (keV) Π Refs
2004 GRB 021206 RHESSI 150 – 2000 80% ± 20% Coburn and Boggs (2003)
2004 GRB 021206 RHESSI 150 – 2000 < 4.1% Rutledge and Fox (2004)
2004 GRB 021206 RHESSI 150 – 2000 41
+57
−44% Wigger et al. (2004)
2005 GRB 930131 CGRO/BATSE 20 – 1000 (35–100%)a Willis et al. (2005)
2005 GRB 960924 CGRO/BATSE 20 – 1000 (50–100%)a Willis et al. (2005)
2007 GRB 041219a INTEGRAL/SPI 100 – 350 98% ± 33% Kalemci et al. (2007)
2007 GRB 041219a INTEGRAL/SPI 100 – 350 96% ± 40% McGlynn et al. (2007)
2009 GRB 041219a INTEGRAL/IBIS 200 – 800 43% ± 25%b Go¨tz et al. (2009)
2009 GRB 061122 INTEGRAL/SPI 100 – 1000 < 60% McGlynn et al. (2009)
2011 GRB 100826a IKAROS/GAP 70 – 300 27% ± 11%c Yonetoku et al. (2011b)
2012 GRB 110301a IKAROS/GAP 70 – 300 70% ± 22% Yonetoku et al. (2012)
2012 GRB 110721a IKAROS/GAP 70 – 300 80% ± 22% Yonetoku et al. (2012)
2013 GRB 061122 INTEGRAL/IBIS 250 – 800 > 60% Go¨tz et al. (2013)
2014 GRB 140206a INTEGRAL/IBIS 200 – 800 > 48% Go¨tz et al. (2014)
2016 GRB 151006a Astrosat/CZTI 100 – 300 – Rao et al. (2016)
a albedo polarimetry
b variable Π
c variable position angle
5.1. GRB 021206
This burst was detected by RHESSI at 22:49 UT on December 6, 2002.
The emission was localized by the IPN (Ulysses, Konus, and Mars Odyssey)
to lie about 18◦ from the Sun (and therefore ∼ 18◦ from the RHESSI pointing
direction), with a total 25–100 keV fluence of 1.6× 10−4 erg cm−2.
The first analysis of these data led to the first published report of polarization
from a GRB (Coburn and Boggs, 2003). The analysis concentrated on a 5 s time
interval shown in Figure 12. This time interval corresponds to 1-1/4 spacecraft
rotations (not an integral number of spacecraft rotations). The biggest challenge
in the analysis of these data was that the RHESSI hardware was not designed
to trigger on coincidence events between two Ge detectors. Coincidence events
were identified in the data stream simply by comparing time stamps of each
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event. The measured scatter angle distribution for coincidence events between
two detectors was compared with the distribution expected for unpolarized ra-
diation. The unpolarized distribution was derived from simulations. For a burst
location that lies 18◦ from the RHESSI optical axis (as was the case here), there
is considerable attenuation of the flux by the mass distribution on the spacecraft
equipment deck. The simulations took into account this mass distribution and
the rotation of the spacecraft. The simulations also took into account the flux
variability during the burst. The difference between the measured scatter angle
distribution and the simulated (unpolarized) distribution showed a signal that
was characteristic of radiation with a linear polarization value of Πm = 80±20%.
The unexpectedly large value for the burst polarization led others to conduct
their own independent analysis of the data (Wigger et al., 2004; Rutledge and
Fox, 2004). Unfortunately, these studies were unable to confirm the initial result,
thus leading to widespread skepticism of the initial polarization measurement.
The second analysis (Rutledge and Fox, 2004) focused on the problem of
identifying true coincidence events. The analysis was unusual in that it did not
include any simulations to take into account the response of the instrument and
the effects of mass surrounding the detector array. Rather it relied largely on
a statistical analysis of the event data. The event selection process resulted
in fewer events than in the initial analysis (Coburn and Boggs, 2003). They
also noted an asymmetry in the distribution of events within the detector array,
and suggested that this may be due to photons scattering off the atmosphere,
implying that this might also induce a spurious result in the analysis. This
analysis was unable to provide meaningful constraints on the polarization.
The third analysis (Wigger et al., 2004) concentrated on a 4 s period of the
burst, corresponding to exactly one rotation of the spacecraft. It included more
stringent constraints on the event selection process, including a more exten-
sive analysis of coincidence events and the addition of a kinematic constraint
to insure that selected events were consistent with a single Compton scatter.
Far fewer events passed these more stringent criteria than in either of the two
previous studies. Simulations that incorporated polarization effects were also
incorporated into the analysis for the first time. A formal linear polarization
value of Π = 41+57−44% was obtained, a value that was insufficient to claim a
detection of polarization. It was concluded that the initial analysis (Coburn
and Boggs, 2003) included a significant number of accidental coincidence events
that skewed the result. The same analysis technique was applied to the data
for GRB 030519B, but the data were insufficient to provide any constraint on
the polarization for that event (Wigger et al., 2004).
5.2. GRB 930131
This event was detected at 18:57:11 UT on 1993 January 31 by BATSE.
It took place only 8.4◦ from the local zenith. The time history showed two
intense peaks within the first 1.2 s, followed by a long tail lasting about 50 s.
The measured T90 was 19.2 s. Most of the flux was emitted during the very
brief time interval of the first peak, which lasted . 0.1 s. Although the total
fluence was not exceptional (with a 50–300 keV fluence of 6.54×10−5 ergs cm−2
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Figure 12: The light curve of GRB 021206 as recorded by RHESSI shows emission in the
energy range of 150 keV to 2 MeV. The vertical lines delineate the 5 s time period used in
the polarization analysis (Rutledge and Fox, 2004; Coburn and Boggs, 2003). [Figure from
Rutledge and Fox (2004).]
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Figure 13: RHESSI Observation of GRB 021206. The top panel shows both the measured
scattered angle distribution (crosses) and the simulated scatter angle distribution (diamonds)
for unpolarized radiation. The bottom panel shows the difference between the two distribu-
tions, which is consistent with polarized radiation from the GRB. [Figure from Coburn and
Boggs (2003).]
s−1), this was one of the most intense GRBs (in terms of peak flux) observed
by CGRO (Kouveliotou et al., 1994). It was detected by BATSE (Kouveliotou
et al., 1994), COMPTEL (Ryan et al., 1994) and EGRET (Sommer et al., 1994).
Photons with energies up to 1 GeV were detected. Since the GRB location was
close to the pointing axis of CGRO, it was imaged by both COMPTEL and
EGRET.
This was one of two GRBs selected for study by analyzing the atmospheric
albedo flux with CGRO/BATSE (Willis et al., 2005). It was chosen for anal-
ysis based on several factors, including its short duration (to minimize instru-
mental background changes during the burst), its intensity (to maximize the
signal), and its large distance from the geocenter (i.e., it was close to the lo-
cal zenith, providing an ideal geometry for albedo polarization measurements).
The BATSE data suffered from severe deadtime effects during the intense peak
of the event, especially those detectors that were facing in the direction of the
source. Those detectors facing towards the Earth were shielded from the direct
flux and thereby recorded a much lower counting rate, a counting rate that was
dominated by scattered albedo flux.
The analysis was based on the idea that the observed distribution of flux
scattered off the atmosphere will depend on both the level of polarization and
the polarization angle (McConnell et al., 1996). Fig. 14 shows the simulated
distribution of flux from GRB 930131 for both the polarized and unpolarized
case. The simulations of atmospheric scattering made use of GEANT4 software,
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Figure 14: Simulated angular distributions (using GEANT4) for flux scattered off the Earth’s
atmosphere for GRB 930131. The fully polarized GRB case is on the left; the unpolarized
GRB case is on the right. The unpolarized case shows a more symmetric distribution for this
source located near the local zenith. At the altitude of CGRO, the Earth’s disk subtends a
half-angle of about 70◦. [Figure from Willis et al. (2005).]
which, at the time, was known to have some deficiencies in the polarization
physics (Mizuno et al., 2005). The output of the atmospheric scattering simu-
lations (e.g., Fig. 14) was used as input to a GEANT3-based simulation of the
BATSE response to the scattered flux. Constraints on the angular distribution
of the scattered flux were determined using the total counts of the four most
Earthward-facing BATSE detectors and comparing the measured data with sim-
ulations.
In the case of GRB 930131, the data were found to be consistent with po-
larization values ranging between 35% and 100%. Although several possible
sources of systematic error were considered in the analysis, it could not be ruled
out that some additional systematic effect (or an error in the simulations) might
be impacting the results.
5.3. GRB 960924
The albedo polarization analysis employed for GRB 930131 was also applied
to the analysis of GRB 960924 (Willis et al., 2005). This event took place on
1996 September 24 at 11:41:51 UT. It was located 17.6◦ from the local zenith.
The measured T90 was 5.3 s and the total 50–300 keV fluence was 2.47× 10−4
ergs cm−2 s−1. The simulated distribution of scattered flux from both the fully
polarized and unpolarized cases is shown in Fig. 15. The polarization analysis
found that the data once again suggested very high levels of polarization. More
specifically, the data were found to be consistent with polarization values ranging
from 50% to 100%.
5.4. GRB 041219A
This burst was detected by INTEGRAL at 01:42:18 UTC on December 19,
2004 (McBreen et al., 2006). Located at an off-axis angle of only 3.2◦, it was
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Figure 15: Simulated angular distributions (using GEANT4) for flux scattered off the Earth’s
atmosphere for GRB 9960924. The fully polarized GRB case is on the left; the unpolarized
GRB case is on the right. The unpolarized case shows a more symmetric distribution for this
source located near the local zenith. At the altitude of CGRO, the Earth’s disk subtends a
half-angle of about 70◦. [Figure from Willis et al. (2005).]
well within the imaging FoV of both IBIS and SPI. The prompt emission was
also detected at high energies by both SWIFT/BAT and RXTE/ASM. Rapid
followup by ground-based observers resulted in the detection of the prompt
emission in both the optical and near infrared, but no redshift is available for
this burst.
Polarization studies of this event were reported by three different groups.
Two of the reports involved analysis of SPI data (McGlynn et al., 2007; Kalemci
et al., 2007). A third report utilized data from IBIS (Go¨tz et al., 2009). The
brightest part of the burst saturated the available telemetry of INTEGRAL,
resulting in a significant loss of data during the later stages of the burst (as can
be seen in Figure 16).
The first report (Kalemci et al., 2007), based on the use of SPI data, con-
sidered only nearest-neighbor detectors. At the time, two of the Ge detectors
in the SPI detector array were no longer operational and therefore excluded
from the analysis. The effect of these detector losses was included in the sim-
ulations, which were generated using MGEANT (Sturner et al., 2003) with the
GLEPS package for handling polarization(McConnell and Kippen, 2004). The
energy range used in the analysis covered 100 – 350 keV, but excluded a Ge
background line near 198 keV. Three separate time intervals were considered,
the first of which took place before the onset of telemetry loses. Livetime data
was used to correct the remaining time intervals for telemetry gaps. Azimuthal
scattering angle distributions were derived both for the first time interval and
for the combination of all three time intervals. The two different polarization
values derived from these data gave consistent results (Π = 100%± 36% for the
first time interval and Π = 99%±33% for the combined time intervals). Slightly
different energy limits gave less significant results. The analysis could not rule
out the possibility that instrumental systematics dominated the measured mod-
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Figure 16: The light curve of GRB 041219A as recorded by SWIFT/BAT (panels a-c) and
by INTEGRAL/SPI (singles events, panels d-f) (Kalemci et al., 2007). The small precursor
at time t = 0 allowed sufficient time for ground-based observations during the more intense
emission starting near t = 250s. SPI (and also IBIS) encountered significant data loss during
the later stages of the event due to the telemetry limitations of INTEGRAL. [Figure from
Kalemci et al. (2007).]
ulation. No statistically-significant claim of polarization was made.
The second report (McGlynn et al., 2007) was also based on the use of SPI
data. The analysis was similar to that in Kalemci et al. (2007), but included
more extensive simulations using GEANT4. In this case, the GEANT4 po-
larization code was modified to correct for errors in the polarization physics
(Mizuno et al., 2005). The polarization analysis considered only the first peak
of the event (the most intense part of the burst emission), a time interval of 66
s starting at about 250 s after the burst trigger. In addition, a 12 s analysis
interval within that time period was chosen to capture the brightest part of the
emission. These time intervals are shown on the background-subtracted single
event lightcurve in Fig. 17. The analysis generated results for several energy
intervals within each of these two time windows. For the 100–350 keV energy
band, the measured polarization in the 66 s time window was Π = 63+31−30% at
a polarization angle of 70+14−11% degrees. For the 100–350 keV energy band, the
measured polarization in the 12 s time window was Π = 96+39−40% at a polariza-
tion angle of 60+12−14% degrees. The results derived from various energy bands in
the two time intervals are all consistent with a polarization value of 60± 35%.
It was concluded that a systematic effect capable of mimicking the weak (2σ)
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Figure 17: Background-subtracted single event lightcurve of GRB 041219a, summed over all
SPI detectors in the energy range 20 keV–8 MeV. The analysis intervals used in Ref. (McGlynn
et al., 2007) are shown. [Figure from McGlynn et al. (2007).]
result could not be excluded.
The third analysis of this event was based on IBIS Compton mode data
(Go¨tz et al., 2009). The polarization analysis considered data in the 200–800
keV energy interval covering several different time windows. No evidence for
polarization was seen in data integrated over the first peak (Π < 4%), but
there is evidence for polarization in the data integrated over the second peak
(Π = 43% ± 25%). Analysis of finer time bins provided evidence within each
peak time period for variations in both the level of polarization and polarization
angle. In fact, the variations seen in the finer time resolution analysis explains
the null average polarization in the first peak as a result of rapid variations
observed in the polarization angle and degree.
5.5. GRB 061122
GRB 061122 was detected by instruments on INTEGRAL at 07:56:45 on 22
November 2006. Its location 8.2◦ off-axis allowed imaging by both IBIS and
SPI. The 20–200 keV fluence was determined to be 3× 10−6 erg cm−2. It had
a T90 duration of 12 s and a peak energy of Ep = 165 keV. At the time, it was
the second most intense burst observed by INTEGRAL, second only to GRB
041219A. The prompt emission was also detected by Konus-WIND. A fading
X-ray afterglow was detected about 7 hours after the prompt phase by the XRT
on Swift. Precise localization of the afterglow permitted a determination of the
redshift, which was found to be z = 1.33.
The SPI light curve of this event (20 keV – 8 MeV), shown in the left-hand
panel of Fig. 18, exhibits a single, symmetric pulse. The polarization analysis of
the SPI data followed that of Ref. (McGlynn et al., 2007). The results, shown
in the right-hand panel of Fig. 18. At the 68% confidence level, the polarization
level is constrained to be < 60%.
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Figure 18: The SPI lightcurve (left) of GRB 061122 shows a single symmetric pulse in the 20
keV – 8 MeV energy range. (Also shown here are hardness ratios derived from IBIS data.)
The polarization results (right) for GRB 061122 from an analysis of SPI data. [Figures from
McGlynn et al. (2009).]
Figure 19: The IBIS light curve (left) of GRB 061122 in the 200 – 800 keV energy range,
derived from Compton events, suffers from data loss during the later part of the event due
to telemetry limitations. The polarization results (right) for GRB 061122 from an analysis
of IBIS data. The contours correspond to confidence levels of 68, 90, 95, and 99 percent.
[Figures from Go¨tz et al. (2013).]
The IBIS lightcurve of this event (200 – 800 keV) is shown in the left-hand
panel of Fig. 19. This is similar to that of SPI, but the data suffer from telemetry
limitations during the later part of the event. The polarization analysis was
performed for different energy intervals and different time selections. The best
signal-to-noise was obtained during the 8 s time interval starting at 07:56:50
UT. The polarization results for this time interval are shown in the right-hand
panel of Fig. 19. At the 68% confidence level, these results are consistent with
a polarization level of > 60% in all energy bands. This is in stark contrast to
the SPI result, which indicated a polarization level of < 60%.
5.6. GRB 100826A
The GAP detected GRB 100826A on 2010 August 26 at 22:57:20.8 (UT)
on the way to Venus at about 0.21 AU away from the Earth (Yonetoku et al.,
2011b). The burst location was determined by the IPN to be 20.0◦ from the
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Figure 20: The GAP lightcurve of GRB 100826A for 70 – 300 keV. Two analysis time intervals
are shown. [Figure from Yonetoku et al. (2011b).]
GAP pointing axis. KONUS data for this event gave a total 20 keV – 10 MeV
fluence of (3.0± 0.3)× 10−4 erg cm−2. No afterglow observation was reported,
so its redshift is unknown.
The GAP lightcurve for this event is shown in Fig. 20. The background for
the analysis comes from integrating over a 36.7 hr period before and after the
GRB. Simulations with GEANT4 incorporated off-axis angles, instrument spin
angle, and spectral parameters (based on KONUS data). A matrix of simula-
tions for various degrees of polarization and polarization angles were compared
with the measured data to determine constraints on the polarization parameters.
Initially, the full burst time interval (100 s) was used in the analysis, with
no discernible polarization. An upper limit of Π < 30% was determined. Sub-
sequently, in order to investigate the possibility of time variable polarization,
two independent time intervals were chosen for independent analysis (as shown
in Fig. 20). The azimuthal scatter angle distributions for these two separate
time intervals are shown in Fig. 21, along with the corresponding polarization
parameter constraints derived from a combined fit of these data. Final results
for time interval 1 were Π1 = 25% ± 15% and φp1 = 159◦ ± 18◦. Final results
for time interval 2 were Π2 = 31% ± 21% and φp2 = 75◦ ± 20◦. Although
there is no evidence for a change in the level of polarization (with an average
of Π = 27% ± 11%), there is evidence in these data for a change in the polar-
ization angle (at the 99.9% or 3σ level). The significance of the polarization
measurement is at the 99.4% (2.9σ) level.
5.7. GRB 110301A
The GAP instrument detected GRB 110301A on 2011 March 1 at 05:05:34.9
UT. At the time, GAP was 0.946 AU away from the Earth (Yonetoku et al.,
2012). The burst location was determined by Fermi/GBM to be 48◦ ± 3◦ from
the GAP pointing axis.
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Figure 21: The azimuthal scatter angle histogram of GAP data for GRB 100826A for two
separate time intervals (left) and the polarization constraints (1, 2, and 3 σ contours) for the
combined fit of the data for intervals 1 and 2 (right). [Figures from Yonetoku et al. (2011b).]
Figure 22: The GAP lightcurves of GRB 110301A (top) and GRB 110721A (bottom) for 70
– 300 keV. [Figures from Yonetoku et al. (2012).]
The GAP lightcurve is shown in the top panel of Fig. 22. The T90 for
this event, as measured by BATSE-GBM, was 5.69 s. The dashed lines in the
lightcurve indicate the time interval for GAP polarization analysis. The burst
background level was estimated using data just before and after the event. Es-
timated systematic uncertainties considered the spacecraft rotation rate (1.61
rpm) and the off-axis location of the burst. Results from the polarization anal-
ysis are shown in Fig. 23. The polarization parameters for the full time interval
were Π = 70%± 22% and φp = 73◦ ± 11◦. A time-resolved analysis showed no
evidence of time variability in the polarization parameters.
5.8. GRB 110721A
The GAP instrument detected GRB 110721A on 2011 July 21 at 04:47:38.9
UT. At the time, GAP was 0.699 AU away from the Earth Yonetoku et al.
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Figure 23: The azimuthal scatter angle histograms of GAP data for GRB 110301A (left) and
the corresponding constraints (1, 2, and 3 σ contours) on the polarization parameters (right).
[Figures from Yonetoku et al. (2012).]
(2012). The burst was observed by both Fermi/GBM and Fermi/LAT. Followup
observations of the X-ray afterglow by Swift-XRT led to subsequent optical
observations and a redhshift determination of z = 0.38. The spectral analysis
showed an Ep value near 1130 keV at the time of maximum intensity, but
the time integrated value of Ep was much lower (about 390 keV), suggesting
significant time variability. Its location was determined to be 30◦ from the GAP
pointing axis.
The GAP lightcurve is shown in the bottom panel of Fig. 22. The T90 for
this event, as measured by Fermi-GBM, was 21.82 s. The dashed lines in the
lightcurve indicates the time interval for GAP polarization analysis. The burst
background level was estimated using data just before and after the event. Es-
timated systematic uncertainties considered the spacecraft rotation rate (0.22
rpm) and the off-axis location of the burst. Results from the polarization anal-
ysis are shown in Fig. 24. The polarization parameters for the full time interval
were Π = 84+16−28% and φp = 160
◦ ± 11◦. A time-resolved analysis showed no
evidence of time variability in the polarization parameters.
5.9. GRB 140206A
This burst was seen within the INTEGRAL field-of-view starting at 7:17:26
UT on February 2, 2014 (Go¨tz et al., 2014). As shown in Fig. 25, the burst
consisted of two pulses (separated by about 60 s), the second of which was
the most intense. The burst was also seen by both Swift and Fermi/GBM.
A relatively bright optical afterglow (15th magnitude) was reported by many
observers, which ultimately led to a redshift measurement (z ∼ 2.7).
At the time of the burst, the INTEGRAL spacecraft had just passed through
the radiation belts and was experiencing a relatively high level of background.
This resulted in the saturation of the available telemetry, which limited the
ability to transmit all of the IBIS data. Fortunately, the Compton mode IBIS
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Figure 24: The azimuthal scatter angle histograms of GAP data for GRB 110721A (left) and
the corresponding constraints (1, 2, and 3 σ contours) on the polarization parameters (right).
[Figures from Yonetoku et al. (2012).]
data, which is the primary mode used for polarization studies, is placed into the
telemetry stream with the highest priority. As can be seen in Fig. 25 (second
panel), there was a significant loss of singles ISGRI data, but there was no loss
of Compton mode data. The burst was also seen by Fermi/GBM, but the first
peak was obscured by Earth occultation (which explains why only the second
peak is visible in the Fermi data shown in Fig 25).
The polarization of the second peak was studied using IBIS Compton mode
data from the 200–400 keV energy interval. The results, shown in Fig. 26, give
a lower limit to the polarization (at the 68% confidence level) of 48% and a
polarization angle of φp = 80
◦ ± 15◦.
5.10. GRB 151006A
There have already been reports of possible detections of GRB polarization
with the CZTI instrument on Astrosat, with GRB 151006A (Bhalerao et al.,
2015) and GRB 160131A (Vadawale et al., 2016). In both cases, preliminary
reports suggested high levels of polarization. The first detailed results for GRB
151006A have just been published (Rao et al., 2016). This event took place on
the very first day of CZTI operations and was also seen by Swift, Fermi, and
the CALET Gamma-ray Burst Monitor (CGBM) on the ISS. Fermi/GBM re-
ported a T90 of ∼ 84 s. The burst was located ∼ 60◦ from the Astrosat pointing
direction. The burst was clearly seen in coincidence events that were identified
as being consistent with Compton scattering. Analysis of these data indicated
evidence for polarization at a significance level of ∼ 1.5σ. More complete anal-
ysis of these data is awaiting detailed simulations of the CZTI collimator and
surrounding spacecraft mass. To date, only a zeroth order mass model has been
employed. An understanding of the effects of the surrounding mass is crucial
to the analysis, in that any asymmetric scattering and/or absorption effects
can distort the polarization signal or mimic a polarization signal when none is
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Figure 25: The lightcurves of GRB 140206A for various energy intervals from Swift/BAT,
INTEGRAL/IBIS, and Fermi/GBM. Telemetry saturation resulted in a loss of ISGRI data
and the first peak was not seen by Fermi due to Earth occultation. [Figure from Go¨tz et al.
(2014).]
Figure 26: The azimuthal scatter angle histograms of INTEGRAL/IBIS data for GRB
140206A in the 200–400 keV energy range (left) and the corresponding constraints on the
polarization parameters (right). [Figures from Go¨tz et al. (2014).]
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Figure 27: The components of the TSUBAME Hard X-ray Compton Polarimeter. [Figure
from Kurita et al. (2015).]
present. The true significance of this observation must therefore await further
analysis.
6. Future Prospects
RHESSI, INTEGRAL, and Astrosat all remain operational and offer the
possibility of additional GRB polarization measurements. IKAROS/GAP is
also still operational, but only intermittently. Several other instruments are
actively under development and may soon be able to provide additional data.
These active programs are described in this section.
6.1. TSUBAME
Tsubame is a microsatellite developed at the Tokyo Institute of Technology
that was placed into orbit in November, 2014 (Yatsu et al., 2014, 2011; Arimoto
et al., 2008). The satellite uses a nearly cubic platform measuring 50 cm ×
50 cm × 47 cm. It carries two instruments. One is a Wide field-of-view Burst
Monitor (WBM), consisting of five CsI scintillators mounted on five faces of the
satellite structure. When a GRB is detected, the relative counting rate in these
five detectors is used to determine the GRB location. For bright GRBs, location
accuracy of 5◦ is possible. Once the location is determined, the spacecraft is
designed to rapidly slew to point its Hard X-ray Compton Polarimeter (HXCP)
to the burst direction. Pointed observations can begin 15 s after the burst
trigger.
31
unique information on the emissionmechanismof theGRBs and on
the composition and geometric structure of their jets [12,13]. To
date, only a few measurements of the prompt GRB polarization
have been performed, all of them with instruments that had not
been designed for this purpose and lacked in many cases a good
characterization of their systematic effects, enough effective area,
or good background rejection mechanisms for polarimetry. Using
data from the RHESSI satellite an 80%720% linear polarization
level fromGRB021206was reported [14], but disproved afterwards
[15,16]. By simulating the scattering of GRB photons off the Earth’s
atmosphere, the polarization levels of two BATSE bursts (GRB
930131 and GRB 960924) could be obtained [17] as 435% and
450% respectively, but the result could not be constrained beyond
systematics. Also inconclusivewere the twomeasurements [18,19]
obtained using INTEGRAL data from the GRB 041219A. Although
they found a high level of polarization (! 60% and 98%733%,
respectively) they could not statistically claim a polarization
detection.
In view of the power and the lack of precise polarization studies
of GRBs, several X- and g"ray polarimeters have been proposed
andare under development. Someexamples are POLAR [20], GRAPE
(Gamma-Ray Polarimeter Experiment, [21]) POET (Polarimeters for
Energetic Transients, [22]), CIPHER (Coded Imager and Polarimeter
for High Energy Radiation, [23]), PHENEX (Polarimetry for High
ENErgy X rays, [24]), XPOL [25] and POLARIX [26]. In addition,
polarimeters designed for studying fixed sources, like PoGOLite
[27], could also measure GRB if they happen to appear in their field
of view.
POLAR [20] is a small and compact instrument designed to
determine the level of linear polarization of the 50–500 keV
photons arriving from the prompt emission of GRBs. Totally
dedicated to polarimetry, the large field of view (! 1=3 of the
sky) of POLAR and its lack of imaging capability would in principle
force the detector to rely on other instruments to provide the
location of the observed GRBs. Such a limitation would reduce the
number of GRBs to be measured by POLAR depending on whether
another GRB detector would be observing the same portion of the
sky or not. Tominimize this drawbackwehavedeveloped amethod
to roughly localize GRBs using only POLAR. For this purpose, scalers
are attached to the output of the multi-anode photomultipliers
(MAPMs) that collect the light from the POLAR scintillator target.
Simulations demonstrate that the relative output of those scalers,
accumulated over the duration of a GRB, shows a dependency on
the source position above POLAR.
This paper is organizedas follows. Section2describes the POLAR
detector and its Monte Carlo simulation package. In Section 3 we
present the working principle of the GRB localization method in
detail. To characterize its capabilities several GRB observations
have been simulated. The results obtained are presented in Section
4, where the influence on the polarization determination of the
uncertainty associated to the estimated GRB position is also
quantified. Several systematic effects that could influence the
outcome of the method are discussed in Section 5, including GRB
polarization, background sources, GRB spectral variations, and
satellite backscattering. Finally, Section 6 summarizes the paper.
2. Description of POLAR
POLAR, see Fig. 1, consists of a target of 40#40 plastic scintillator
bars (BC400, Saint-Gobain), each one 6# 6# 200 mm3 wrapped in a
highly reflective foil (Vikuiti, 3M). Theoptical photonsproducedwhen
a hard X-ray photon interacts with the target are collected using 25
MAPMs (H8500, Hamamatsu) whose channels are optically coupled
to thebottomof the scintillatorbars. Theelectrical signal coming from
the MAPM is then processed by ASIC and FPGA at the front-end
electronics, and collected by the POLAR central computer which is
responsible for data storage and transport to ground. The scintillator
target is divided into 25 modules, each consisting of 64 scintillator
bars, optical coupling, one MAPM, and its corresponding front-end
electronics, all together enclosed in a thin carbon fiber socket. This
modular design gives a good mechanical stability and facilitates the
interchange of modules during the testing phase of the detector. The
25 modules are kept together with two aligning frames located at
the topandat thebottomof the carbonfiber sockets, respectively, and
connectedwithmechanical fixations. Thewhole target, togetherwith
the central computer, the power supplies and the rest of the
electronics, is further enclosed in a box that serves not only as
container but also as shield against low energy charged particles.
Finally, the whole instrument will be mounted onto a satellite, to be
able to study photons in the energy range between 50 and 500 keV,
which cannot reach the ground because they are absorbed by the
Earth atmosphere. A flight opportunity for POLAR on the future
Chinese Tian-Gong Space Station is currently under consideration. An
alternative option of flying with the International Space Station is
evaluated.
An incoming particle is called an event when it deposits more
than 5 keV in at least one of the POLAR scintillator bars, i.e. when it
produces a hit. Hard X-ray photons arriving from a GRB have a
480% probability of experiencing Compton scattering in the
target, generating a signal in more than one channel. The POLAR
trigger logic selects those events with at least two hits. When an
incoming particle produces more than two hits above the 5 keV
threshold, the two highest energy depositions are selected offline.
Each of those pairs of hits is a selected event in POLAR. The position
of the active bars in a selected event is related to the azimuthal
Compton-scattering angle of the incoming photon. If the g"ray
emission from the GRB was not polarized, the modulation curve,
i.e. the azimuthal distribution of the ensemble of selected events, is
flat. Otherwise it follows a sinusoidal curve whose amplitude
is the so-called modulation factor, and whose phase-shift indicates
the angle of linear polarization of the GRB photons [28,29].
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Fig. 1. Scheme of POLAR detector. Left: Exploded view of one module from POLAR
target. Right: Complete POLAR target, i.e. the assembly of 25 modules, with its
approximate dimensions.
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Figure 28: A schematic view of the POLAR instrument (left) showing one of the 25 detector
modules and the 5 × 5 array. [Figure from Suarez-Garcia et al. (2010).] The photo (right)
shows POLAR during recent thermal-vacuum testing. [Photo courtesy Nicolas Produit.]
As the name im li s, the HXCP is a Compton scatter polarimeter. The
central part of the instrument is an array of 8 × 8 plastic scintillator scattering
elements, each of which is 6.5 mm × 6.5 mm × 49 mm in size. The plastic array
is read out by four 16-channel MAPMTs. Surrounding the scattering elements
are 28 CsI scintillators, each 6.5 mm × 10 mm × 49 mm in size. The detector
covers the energy range of 30-200 keV with an effective area of ∼ 7 cm2 and a
15◦× 15◦ field-of-view. Since its launch in 2014, there have been no reports of
GRB observations. Technical problems with the spacecraft telemetry have so
far prevented su cessful operations.
6.2. POLAR
POLAR is an experiment that was launched on the Chinese space station
Tiagong 2 in Septe ber, 2016 (Xiao et al., 2016; Orsi et al., 2011; Produit
et al., 2005). Designed to measure polarization in the 50-500 keV energy range,
it is based on the use of small, plastic scintillating bars (6 mm × 6 mm × 200
mm) that are read out out by 64-channel multi-anode photomultiplier tubes
(MAPMTs). Each MAPMT provides a single anode readout for 64 scintillator
elements. A 5 × 5 array of MAPMTs results in a 40 × 40 array of scintillator
elements. The low-Z plastic scintillator is optimized for Compton scattering,
but the energy response is limited due to the low probability of total photon
absorption, resulting in a very non-diagonal response function. The instrument
response has been characterized by extensive calibration efforts (e.g., Xiao et al.,
2016). Passive shielding will be used to limit the on-orbit background. The
detector will provide ∼ 50 cm2 of effective area at 100 keV and ∼ 90 cm2 of
effective area at 300 keV (Produit, private communication) with a modulation
factor ranging from ∼ 30% to ∼ 50% Orsi et al. (2011). The field-of-view is
about 2 steradian (1/3 of the visible sky). The expected lifetime is about three
years.
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6.3. NCT / COSI
The Compton Spectrometer and Imager (COSI) (Chiu et al., 2015; Kierans
et al., 2014), previously known as the Nuclear Compton Telescope (NCT), is a
balloon-borne, Ge-based Compton telescope that operates in the 200 keV – 5
MeV energy band, with a field-of-view that covers about 25% of the sky. COSI
uses an array of 12 cross-strip germanium detectors to track the path of incident
photons, where position and energy deposits from Compton interactions allow
for a reconstruction of the source position in the sky, an inherent measure of
the linear polarization, and significant background reduction. The size of each
of the 12 HPGe crystals is 8 cm × 8 cm × 1.5 cm. Orthogonal strip electrodes
(with a pitch of 2 mm) are deposited on both the anode and cathode surface
of each detector. The detectors have very good position resolution (1.6 mm3)
and provide excellent spectral resolution (< 1%). Although the effective area
is rather small, ranging from ∼ 18 cm2 at 300 keV to ∼ 6 cm2 at 2 MeV,
the imaging capability, coupled with the low background nature of the design,
provides significant source sensitivity.
GRB polarimetry is one of its many science goals of this experiment, which
is designed to fly as an ultra-long duration balloon (ULDB) payload. Given
an anticipated ULDB flight time of 100 days, it was expected to measure the
polarization of ∼ 8 GRBs and set an upper limit on the degree of polarization
for ∼ 8 more. COSI was launched from Wanaka, New Zealand on May 16, 2016.
The ensuing flight lasted 46 days, although problems with the stability of the
balloon resulted in the payload spending much of its time at altitudes too low
for effective measurements. During that time it observed at least one intense
GRB (GRB 160530A), for which a polarization measurement should be feasible.
No results have been reported as yet.
6.4. GRAPE
The Gamma RAy Polarimeter Experiment (GRAPE) is a balloon program,
whose goal is to conduct GRB observations on long duration balloon flights.
GRAPE is a large field-of-view Compton polarimeter operating in the 50–500
keV energy range. The instrument design is a modular one, based on the use of
a 64-channel MAPMT to read out a hybrid array of small scintillator elements,
each of which has a volume of 5 mm × 5 mm × 50 mm. GRAPE uses two scin-
tillator types (plastic and CsI(Tl)), which provides moderate energy resolution
and low susceptibility to neutron background. The scintillators are arranged
with a central array of 6 × 6 plastic scintillators surrounded by CsI(Tl) scintil-
lators. Ideal events are those that scatter from a plastic element to a CsI(Tl)
element. Each module has an effective area of ∼ 2 cm2 at 150 keV.
To date, the GRAPE program has conducted two balloon flights intended
to validate the instrument design by performing a measurement of the Crab
polarization. In 2011, the payload was flown with an array of 16 polarimeter
modules. Higher-than-expected background levels prevented a successful Crab
measurement (McConnell et al., 2014b). A subsequent flight in 2014 was made
with improved shielding and a larger array of 24 modules, but the flight did not
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Figure 6. Solidworks model of the COSI cryostat and sur-
rounding CsI shields. The mechanical cryocooler is seen in
the foreground.
Figure 7. The gondola for the COSI 2014 balloon cam-
paign. The top level contains the cryostat, visible in
the picture, and the middle insulated level contains all of
the COSI electronics. Solar panels and batteries provide
400 W of power throughout the flight.
The cryostat is surrounded on five sides by cesium iodide (CsI) scintillator blocks instrumented with pho-
tomultiplier tubes, as shown in Fig. 6. The CsI blocks act as a passive shield by absorbing a large fraction of
the incident  -rays originating from non-astrophysical sources, i.e. the earth’s albedo, e↵ectively constraining
the field-of-view to 25% of the sky. The scintillators also function as active shielding: GeD events with a CsI
coincidence signal are vetoed to reject incompletely absorbed events. The CsI shields play an important role in
suppressing the background detected in COSI, which directly a↵ects the sensitivity of the instrument.
3.2 Readout Electronics
Each strip of COSI (37 ⇥ 2 ⇥ 12 = 888 strips) has an individual readout channel consisting of amplifying and
shaping analog electronics. The strip electrode signals (AC-coupled at the cathode and DC-coupled at the anode)
are fed through the cryostat walls on Kapton-manganin flex circuits and are coupled to low-power, low-noise
preamplifiers,24 which are mounted on the side walls of the cryostat (Fig. 6). The output from each preamplifier
is fed into custom-made pulse-shaping amplifier circuits that consist of two channels: a fast channel for timing
and a slow channel for energy. The fast-timing channel, with a 40 keV threshold, uses a bipolar shaper with a
170 ns rise time to accurately define the interaction time. The slow-energy channel, with a 20 keV threshold, uses
a unipolar shaper with a slow 6 µs shaping time for noise reduction and accurate pulse height determination.
There is one “card cage” assigned to each detector that provides the high-voltage power to the GeD, delivers the
power for one preamplifier box, and contains the analog shaping electronics for each strip on that detector. The
card cages only trigger on events in which both an X and Y strip are activated.
A low-power, dual-core, single-board flight computer controls the basic operation of the gondola. It commu-
nicates with the card cages via ethernet, through which it receives science and housekeeping data, and sends out
a 10 MHz clock signal for the event timing in the card cages. Raw data is stored on three redundant flash drives
and the flight computer does a rudimentary on-board analysis to parse out interesting science data, i.e. possible
Compton events or triggered GRBs, for real time telemetry. We will be using two types of telemetry through the
CSBF Support Instrument Package (SIP): a line-of-sight L-band transmitter with a rate of 512 kbit/s and the
Iridium Satellite relay network Openport at 200 kbits/s, once out of line-of-sight. The flight computer communi-
cates with the cryocooler controller, the CsI shield controller, the GPS system, and can be remotely commanded
in-flight through the SIP.
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Figure 29: A schematic view of of the COSI cryostat (with the Ge detectors) and the sur-
rounding CsI shields. The m chanical cryocooler is seen in the foreground. [Figure from
Kierans et al. (2014).]
last long enough for a full observation of the Crab. The program is currently
working on a revised design in preparation for a series of long duration balloon
flights (McConnell et al., 2016).
This project has provided the basis for several space-borne GRB polarimeter
concepts. POET (POlarim ters for Energetic Transients) was proposed in both
2008 (Hill t al., 2007; McConnell et l., 2009) and 2014 (Bl ser et al., 2014;
McConnell et al., 2014a) as a NASA Small Explorer (SMEX) mission. In both
cases, the payload consisted of a high energy (50–500 keV) Compton scatter
polarimeter and a low energy (2–15 keV) photoelectric polarimeter. PETS (Po-
larimetry of Energetic Transients in Space) was proposed in 2012, to fly a high
energy polarimeter as an external payload on the International Space Station
(ISS). A similar proposal concept, known as LEAP (LargE Area burst Polarime-
ter), is currently being prepared for submission in late 2016. In order to avoid
optical crosstalk issues, more recent designs for the high energy polarimeter have
moved away from the use of MAPMTs to the use of individual PMT-scintillator
detector elements.
7. Discussion
To date, there have been reports of polarization measured in ten GRBs. The
following general remarks can be made with regards to these published results.
• Polarizaton measurements of two GRBs (GRB 930131 and GRB 960924)
were based on th use of albedo polarimetry.
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Figure 30: A schematic view of single GRAPE module (left) showing the layout of the scintilla-
tor and elements and the discrete electronics boards. The configuration for the 2011 validation
balloon flight (right) included an array of 16 collimated modules optimized for observations
of the Crab. [Figures from McConnell et al. (2014b).]
• Polarizaton measurements of eight GRBs (GRB 021206, GRB 041219a,
GRB 061122, GRB 100826a, GRB 110301a, GRB 110721a, GRB 120206a,
and GRB 151006a) were based on the use of Compton scattering polarime-
try.
• Three GRBs (GRB 100826a, GRB 110301a, and GRB 110721a) have been
studied using instrument an instrument designed specifically for GRB po-
larization measurements.
• In one case (GRB 021206), the same data has been used in three in-
dependent studies. The results were inconsistent and led to significant
controversy.
• In two cases (GRB 041219a and GRB 061122), observations were made
with two different instruments (INTEGRAL/SPI and INTEGRAL/IBIS).
Some of the inconsistencies seen in the analysis of these data were ascribed
to time variability.
• All results are of limited statistical significance (∼ 1.5− 4σ).
Collectively, these data do not provide a consistent picture of γ-ray polar-
ization in GRBs. The limited statistical significance of these results makes it
difficult to draw any hard conclusions about the underlying physics. The data
suggest that GRB polarization levels are generally quite high, thus arguing for
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ordered magnetic field structures within the GRB jet. But even this conclusion
requires additional high-quality data before the community can reach consensus.
What is really needed here is a collection of high significance results to de-
termine the true nature of GRB polarization. Experimentally, we can identify
several important issues that should be considered in the design of future ex-
periments.
Instrument Rotation It has long been argued that polarimeter experiments
can best handle systematic effects in the data (such as spatial nonuni-
formities in the background counting rate) by continuously rotating the
instrument about the direction axis to the source, something which is im-
possible for a transient source with an unpredictable location. To be truly
effective, however, the observation must be made over an integral number
of rotations. For long pointed observations of a persistent source, where
the observation time is much longer than the rotation period, this is cer-
tainly the case. For transient sources, such as GRBs, this will never be the
case. Rotation is therefore not a viable solution for effectively handling
systematic effects in GRB polarimeters. Of the observations that have
been made to date, four have involved rotating spacecraft (RHESSI and
IKAROS/GAP). The experience with these data does not provide com-
pelling justification for instrument rotation. Indeed, one can even argue
that rotation complicates the analysis of the data without providing any
clear benefit.
Earth Albedo A significant fraction of the flux from a GRB can be scattered
off the Earth’s atmosphere, especially at lower energies (below ∼ 100 keV).
This is the basis for albedo polarization measurements. The same phe-
nomena can also hinder observations with Compton polarimeters. For
instruments in Low Earth Orbit (LEO), this can potentially induce an
asymmetric counting rate in the instrument and may lead to systematic
effects in the polarization analysis. Shielding (passive and/or active) can
help to reduce the impact of scattered flux, but not all instruments con-
sidered here have been shielded. In fact, Earth albedo was mentioned as
one potential systematic effect in the RHESSI data (Rutledge and Fox,
2004).
Saturated Counting Rates The flux from a GRB can be quite intense. This
can result in significant instrumental deadtime, especially for large area
detectors and/or detectors with relatively slow response (such as scintilla-
tors with long decay time or with delayed phosphorescence effects). The
use of faster detectors (such as some of the faster scintillators that are
now available) is one way to ameliorate this problem, by providing greater
throughput. It is also better to have a larger number of smaller detectors
than a smaller number of larger detectors, since smaller detectors result
in lower counting rates and are thus less prone to deadtime effects.
Telemetry Throughput Another related issue (that has been seen many times
with INTEGRAL) is that a high event rate can sometime result in loss of
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data due to telemetry limitations. This can be handled by the availability
of sufficient on-board data storage, so that data can be sent down during
periods of lower telemetry needs.
Coincidence Timing Compton polarimeters typically require coincident trig-
ger between two detector elements. A small coincidence window is pre-
ferred to minimize the chance of accidental coincidences, especially during
intense flux levels. Reliance on software coincidence can introduce sys-
tematic uncertainties to the analysis. Hardware coincidence techniques
are preferred.
Pre-flight Calibrations Many of the instruments considered here (including
RHESSI and those on INTEGRAL) were never calibrated with beams of
known polarization. Knowledge of their instrument response has relied
entirely on simulations that have never been validated with experimental
data. Likewise, the albedo polarimetry approach is difficult (if not impos-
sible) to calibrate directly; it must also rely entirely on simulations for the
instrument response. Proper calibration data always serves as a means to
identify potentially important instrumental issues.
Proper Modeling Detailed Monte Carlo simulations play an important role
in the analysis of polarization data. Instrument asymmetries (mass dis-
tribution, detection efficiencies, etc.) can serve to either distort a true
polarization signal or, more seriously, to generate a spurious signal when
none exists. External effects, such as scattering from the Earth’s atmo-
sphere, can also impact the analysis. In some cases, instrument rotation
can be used to mitigate these effects, but for transient events (such as
GRBs), this approach is not viable. In this case, systematic effects can
best be understood through extensive modeling with detailed instrument
mass models.
It is widely believed that high energy polarization measurements of prompt
GRB emission will provide the next big step in our understanding of GRBs.
Experimentally, this is a challenging endeavor. Fortunately, several groups are
actively pursuing additional measurements, both with currently operating in-
struments, and with new experimental designs that will be deployed in the
not-too-distant future. With so much interest in the field, it is likely that im-
portant breakthroughs will be made within the next few years, shedding new
light on the nature of GRBs.
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